To examine urinary levels of enterolactone and enterodiol, intestinal microbial metabolites of dietary lignans, in relation to type 2 diabetes (T2D) risk.
Lignans are a group of plant-synthesized chemicals that are constituents of plant cell walls (1) . A few of these naturally occurring compounds, primarily lariciresinol, pinoresinol, secoisolariciresinol, and matairesinol, ubiquitously exist in plant foods in the human diet (2, 3) . Fiber-rich foods, including whole grains, seeds, and legumes, as well as some beverages, such as coffee and wine, contain measurable amounts of lignans, and flaxseeds are a particularly rich source (1) . Humans have a long history of using certain lignans for medicinal purposes (4) , but evidence regarding the biological effects of lignans on human health has started to accumulate only recently.
Both animal and human experiments have demonstrated potentially beneficial effects of lignans on human health (2, 3, 5, 6) , although thus far, longterm human epidemiological studies that exclusively focused on the association of lignan intake with the risk of cancers and cardiovascular disease have generated somewhat equivocal results (3, 7) . Lack of complete food composition databases of lignans may primarily explain the inconsistent findings (2). Moreover, dietary lignans undergo substantial metabolism by intestinal microbiota to produce more biologically active lignan metabolites (2) . Likely because of these methodological challenges, observational studies examining lignan intake and type 2 diabetes (T2D) risk are largely lacking. In the current investigation, therefore, we used data from two well-characterized cohorts of U.S. women, the Nurses' Health Study (NHS) and NHSII, to prospectively evaluate the hypothesis that urinary concentrations of enterolactone and enterodiol, major metabolites of dietary lignans, are associated with a lower T2D risk.
RESEARCH DESIGN AND METHODS

Study Population
In 1976, 121,700 female registered nurses aged 30-55 years living in one of 11 U.S. states responded to a study questionnaire and established the NHS cohort. In 1989, a younger counterpart of the NHS was initiated using the same enrollment approach, and 116,686 female registered nurses aged [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] years were included in the NHSII. In these two cohorts, similar data collection methods and participant follow-up strategies are used. In both cohorts, follow-up questionnaires inquiring about a wide array of variables, including body weight and height, demographics, lifestyle practices, history of chronic diseases, and medication use, are administered biennially to update information assessed at baseline and to collect new data.
Urine Sample Collection
A total of 29,611 NHSII participants aged 32-52 years provided blood and urine samples in 1995-2000, and 18,717 NHS participants aged 53-79 years provided samples in 2000-2001. In both cohorts, the samples were sent to a central biorepository by overnight courier, immediately processed on arrival, and aliquoted into cryotubes, which were stored in the vapor phase of liquid nitrogen freezers at #21308C. Among participants who provided blood and urine samples, a high follow-up rate of .90% has been maintained.
Prospective Case-Control Study Design
In both cohorts, we conducted a prospective, nested case-control study of T2D among participants who provided urine samples and were free of self-reported diabetes, cardiovascular disease, and cancer at sample collection. During follow-up through 2008 (NHS) or 2007 (NHSII), we prospectively identified and confirmed 1,107 T2D case subjects (NHS: n = 452; NHSII: n = 655) and randomly selected one control subject for each case subject. Case and control subjects were matched for age at urine sample collection, month of sample collection, fasting status ($8 h or not), first morning urine (yes, no), race (white or other races), menopausal status, and hormone replacement therapy (NHSII only). To minimize reverse causation bias, we excluded diabetes cases diagnosed within the first year since urine sample collection. The study protocol was approved by the institutional review board of the Brigham and Women's Hospital and the Human Subjects Committee Review Board of the Harvard School of Public Health.
Ascertainment of T2D
We sent a validated supplemental questionnaire to subjects who reported a physician diagnosis of T2D to confirm new-onset disease. We used at least one of the following American Diabetes Association 1998 criteria to confirm self-reported T2D diagnosis: 1) an elevated glucose concentration (fasting plasma glucose $7.0 mmol/L, random plasma glucose $11.1 mmol/L, or plasma glucose $11.1 mmol/L after an oral glucose load) and at least one symptom related to diabetes; 2) no symptoms, but elevated glucose concentrations on two separate occasions; or 3) treatment with insulin or oral hypoglycemic medication. Only confirmed T2D cases were included in the current study.
Assessment of Diet
Validated food frequency questionnaires (FFQs) were administered in 1984 and 1986 in the NHS and in 1991 in the NHSII. Similar FFQs were subsequently sent to participants quadrennially to update diet. In these FFQs, we inquired about the average consumption frequency of 118-166 food items in the past year with a prespecified serving size for each item. Reasonable validity and reproducibility of the assessments of food sources of lignans, including whole grains, wine, coffee, fruits, and vegetables, have been demonstrated in validation studies (8) . Of note, consumption of flaxseeds was not assessed by the FFQs.
Laboratory Measurements
In the current study, we used electrospray ionization orbitrap liquid chromatography-mass spectrometry (9) to measure enterodiol and enterolactone in urine samples (Supplementary Data). Urinary creatinine levels were measured with a Roche-Cobas MiraPlus clinical chemistry autoanalyzer (Roche Diagnostics). The average intra-assay coefficient of variation was 15.3% for enterodiol, 7.9% for enterolactone, and 5.6% for creatinine. We calculated creatinineadjusted concentrations (nmol/g creatinine) of lignan metabolites by dividing the metabolite levels (nmol/L) by creatinine levels (g/L). In a pilot study that evaluated within-person stability of the metabolites, intraclass correlation coefficients (ICCs) between levels in two urine samples collected 1-2 years apart from 58 NHSII participants were 0.45 for enterodiol and 0.53 for enterolactone.
Statistical Methods
We used linear regression to identify significant food predictors of logtransformed concentrations of enterodiol and enterolactone following the stepwise selection algorithm with multivariate adjustment for age at sample collection, fasting status, smoking status, BMI, physical activity, total calorie intake, and cohort (NHS or NHSII). We then calculated Spearman partial correlation coefficients (r s ) between the metabolites and their significant food predictors to evaluate the strength of association. These analyses were conducted among control subjects to improve generalizability to the whole cohorts.
We categorized the study population into quartiles according to the distribution of enterolignan levels among control subjects. We used conditional logistic regression to model the associations of interest. To control for confounding, we adjusted for matching factors, BMI, smoking status, physical activity, alcohol use, oral contraceptive use (NHSII only), hormone replacement therapy (NHS only), family history of diabetes, history of hypercholesterolemia or hypertension, and the alternate Healthy Eating Index (AHEI) score (10) . P values for linear trend were calculated by entering an ordinal score based on the median value in each quartile of enterolignan levels into the multivariate models. Odds ratios (ORs) from the two cohorts were pooled using a fixedeffects model. Heterogeneity of ORs between the two cohorts was evaluated by the Cochrane Q statistic (P , 0.05 was considered indicative of statistically significant heterogeneity) and the I 2 statistic.
We used restricted cubic spline regressions with 3 knots to model a potential dose-response relationship. In this analysis, we excluded participants with the highest 5% of lignan levels to minimize the potential impact of outliers. Tests for nonlinearity were based on the likelihood ratio test, comparing the model with only the linear term to the model with the linear and the cubic spline terms, and corresponding P values of linearity and curvature were derived. To maximize statistical power, we pooled individuallevel data from the two cohorts in this dose-response analysis while maintaining the matched case-control pairs by using conditional logistic regression. In secondary analyses, we also used a method developed by Rosner et al. (11) to correct for random within-person variability of lignan metabolites, which was measured by the ICC in the pilot study.
All P values were two-sided. Data were analyzed with SAS version 9.3 statistical software (SAS Institute Inc., Cary, NC).
RESULTS
Characteristics of study participants assessed using baseline questionnaires (NHS, 1998; NHSII, 1995) are shown in Table 1 . As expected, diabetic subjects had a high-risk profile in both cohorts except for the matching factors. They were heavier, were more likely to have a history of hypertension and high blood cholesterol and a family history of diabetes, ate a less healthful diet, and engaged in less physical activity than control subjects. In both cohorts, case subjects had lower urinary levels of both lignan metabolites than control subjects, with an approximately twofold difference for enterolactone levels. A notable difference between the two cohorts was the older age at sample collection in the NHS than in the NHSII.
Intake of various foods was modestly but significantly correlated with enterolignan concentrations among control subjects (Supplementary Table  1 ). The highest multivariate-adjusted Spearman correlations between food intake and enterolactone concentrations were observed for whole grains (r s = 0.14), apples (r s = 0.14), coffee (r s = 0.13), romaine or leaf lettuce (r s = 0.13), raw spinach (r s = 0.12), and red wine (r s = 0.11). Correlations between food predictors and enterodiol concentrations were generally weaker. We also examined the correlation between enterodiol and enterolactone in control subjects and found moderate correlations in both the NHS (r s = 0.53) and the NHSII (r s = 0.45). Table 2 presents associations between enterolignan levels and diabetes risk in the two cohorts. In the crude model adjusted for matching factors only, concentrations of both enterolactone and enterodiol were associated with a lower T2D risk in the two cohorts. In the NHS, further adjustment for diabetes risk factors, especially BMI, attenuated the significant associations for the lignan metabolites. In the NHSII, associations for the metabolites were attenuated as well, but the associations for the highest quartiles of both metabolites remained statistically significant. The distribution of covariates by levels of enterolignans is presented in Supplementary Table 1. In both cohorts, higher enterolignan levels were associated with a lower BMI, consistent with the observation that BMI was the strongest confounder for the studied associations. Pooled associations of the enterolignans from the two studies showed a significant inverse association for enterolactone (pooled OR [95% CI] 0.62 [0.44, 0.88], P for trend = 0.003), comparing extreme quartiles. A significant inverse association was observed for the highest enterodiol quartile only (pooled OR [95% CI] 0.67 [0.48, 0.96], P for trend = 0.08). We did not observe significant heterogeneity among these associations between the two cohorts (P for heterogeneity = 0.40 and 0.17, for highest quartiles of enterodiol and enterolactone levels, respectively). Associations for combined levels of enterodiol and enterolactone were similar to those for enterolactone. A sensitivity analysis using a randomeffects model to pool the results showed a similar pattern of associations: comparing extreme quartiles, the pooled ORs (95% CIs) were 0.61 (0.38, 0.996; P for trend = 0.004) for enterolactone and 0.67 (0.48, 0.96; P for trend = 0.09) for enterodiol levels.
We subsequently explored whether a dose-response relation existed for the association between enterolactone and diabetes risk. We detected a significant linear trend for the association between enterolactone levels and diabetes risk (P for linearity = 0.007 and P for curvature = 0.49) (Fig. 1) . A nonsignificant inverse trend was found for enterodiol. Combined levels of enterodiol and enterolactone also showed a similar significant linear trend (P for linearity = 0.009 and P for curvature = 0.64). Furthermore, we estimated that for each SD increment of log-transformed total enterolignan levels, the OR was 0.85 (95% CI 0.74, 0.96). After correction for random errors in the assessment of total enterolignans (stability ICC = 0.54), this OR was 0.70 (0.53, 0.92).
We examined joint associations between the lignan metabolites and AHEI score to further evaluate whether the lower diabetes risk associated with higher enterolignan concentrations was due to better diet quality. In general, within each tertile of the AHEI score, enterolactone remained associated with a lower diabetes risk. The P value for interaction was 0.62 (Fig. 2) . We further examined the same joint associations between enterolactone and BMI (Supplementary Fig. 1 ). In general, within obese and overweight groups, participants with the higher enterolactone concentrations had a lower diabetes risk, and this association was less clear among lean participants, although we did not find a signification interaction by BMI (P for interaction = 0.39).
CONCLUSIONS
In this prospective investigation among two cohorts of U.S. women, we found that urinary levels of enterolactone, a lignan metabolite produced by intestinal microbiota, are associated with lower T2D risk in a dose-dependent fashion. These associations are independent of demographic and lifestyle risk factors of T2D and of overall diet quality.
Our knowledge of food composition and metabolism of lignans has evolved rapidly, especially in the past decade. Early investigations regarding food composition of lignans only measured secoisolariciresinol and matairesinol, which are found in particularly high concentrations in flaxseed (12). More recent work has quantified several other dietary lignans, including lariciresinol and pinoresinol, which are the major lignans in foods and beverages other than flaxseed (2,13). Thus far, a comprehensive food composition database of lignans is lacking, resulting in significant difficulties for using traditional instruments to accurately quantify lignan intake. More importantly, all plant lignans undergo substantial metabolism by intestinal microbiota to produce enterolignans (14) , which either are excreted in the feces or enter the circulation, although the conversion rate to enterolignans varies among plant lignans (3). Studies have shown that at the population level, a clear time-integrated doseresponse relationship exists between lignan consumption levels and concentrations of enterolignans in plasma or urine (15, 16) . Meanwhile, these investigations also demonstrated wide interindividual variability in their metabolism (15, 16) , predominantly because of variation in gut microbiota composition. In terms of biological effects, enterolignans are believed to be more potent than their parent , 0.14 *Model 1 was adjusted for the following matching factors: age at urine sample collection (years), race (white or not), fasting status (yes, no), first morning urine sample (yes, no), date of blood draw, menopausal status, and use of hormone replacement therapy (NHSII only). †Based on model 1, model 2 was further adjusted for BMI (kg/m 2 ), smoking status (current smoker, past smoker, nonsmoker), oral contraceptive use (never used, past user, current user) (NHSII only), use of hormone replacement therapy (yes or no) (NHS only), physical activity (MET-h/week), alcohol use (abstainer, ,5.0 g/day, 5.0-14.9 g/day, $15.0 g/day), family history of diabetes (yes, no), history of hypercholesterolemia or hypertension (yes, no), and AHEI score. ‡OR estimates were based on model 2 in each cohort and pooled using a fixed-effects model. molecules (2) . Thus, using urinary metabolites of plant lignans to examine associations of lignan intake with disease risk is a unique strength in that the urinary concentrations of enterolignans are more likely to reflect tissue exposure to bioavailable lignans (17) .
To our knowledge, the current study is the first to prospectively examined urinary concentrations of enterolignans in relation to T2D risk. The observations are largely consistent with several shortterm human trials that examined flaxseeds or flaxseed-derived lignans in relation to metabolic risk factors. For example, beneficial effects of flaxseed supplements on glucose homeostasis as measured by oral glucose tolerance test or fasting glucose levels were documented in healthy young (18) and postmenopausal (19) women. Trials conducted among participants with glucose intolerance generated somewhat mixed results. In a 12-week feeding trial among Chinese diabetic patients, Pan et al. (20) observed beneficial effects of flaxseed-derived lignan supplements on HbA 1c and C-reactive protein levels but not on insulin resistance. In a smaller trial among obese participants with glucose intolerance, flaxseed supplements significantly improved insulin resistance (21) . In contrast, in older Canadians who participated in a long-term walking program, no effects of lignan supplements on blood glucose levels were observed (22) possibly because of the elevated physical activity levels in these participants. Another line of evidence in support of the potential effects on diabetes risk comes from investigations that evaluated some other food sources of lignans in relation to diabetes risk. For example, higher consumption of whole grains, fruits, coffee, and red wine have been associated with a lower risk of T2D in observational studies (23) (24) (25) (26) (27) , although the extent to which lignans account for the beneficial effects of these foods is unclear. Figure 1 -Dose-response relationship between lignan metabolites and risk of T2D based on combined data from the NHS and NHSII. Study participants with the highest 5% of metabolite levels were excluded to minimize the potential impact of outliers. Multivariate conditional logistic regression models were adjusted for the same set of covariates for model 2 in Table 2 . A: Enterolactone. B: Enterodiol. C: Enterolactone and enterodiol. Solid lines are ORs and dashed lines are 95% CIs. Gray triangles represent the OR for quartiles of biomarkers based on pooled data from the NHS and NHSII.
Mechanisms underlying the putative beneficial effects of lignans are still poorly understood. Antioxidation of lignans through scavenging free radicals is the most elucidated mechanism in in vitro studies, although such effects have not been substantiated in vivo (28) . Meanwhile, the close relationship between lignans and sex hormone metabolism has drawn much attention. Enterolignans, especially enterolactone, preferably bind to estrogen receptor (ER)-a over ERb and lead to subsequent ER-mediated gene transcription in vitro (29) . In vivo experiments corroborate the estrogenic effects of enterolignans through preferably activating ERa in female mice, although the strength of the estrogenic effects varies in these studies (29) (30) (31) . Accumulating evidence suggests that ERa plays a pivotal role in maintaining normal body weight and insulin sensitivity, whereas ERb seems to have the opposite effect (32, 33) . Of note, lignans may also exert antiestrogenic effects through increasing the level of sex hormonebinding proteins (34, 35) , which are strongly associated with a lower risk of developing T2D in men and women (36) . These pathways may explain the inverse associations observed in the current investigation as well as the effects of lignan intake on delaying onset of diabetes, attenuating diet-induced fat accumulation, and promoting adiponectin expression in rodent models (37, 38) . However, the current results do not directly support the benefits of increased lignan intake or supplementation because other factors affecting production of enterolignans by gut microbiota composition may have contributed to the observed associations. In addition, other products of enterolactone-producing gut bacteria may have confounded the results. Thus, further research is warranted to identify the bacterial species that are responsible for lignan metabolism and to elucidate their physiological effects.
There are several caveats in the current study that merit discussion. First, the half-lives of enterolignans are short (4.4 h for enterodiol) to modest (12.6 h for enterolactone) (15) , suggesting that a single measurement of these biomarkers is more likely to reflect relatively short-term levels. Meanwhile, the urinary lignan concentrations were reasonably strongly correlated over 1-2 years as observed in the pilot study, probably owing to a stable diet and intestinal microbiota over time. Nonetheless, use of multiple assessments of the lignan metabolites over time would be a more desirable approach to better reflect usual exposure levels. Second, compared with 24-h urine samples, spot urine samples may not be optimal to assess lignan levels accurately, although the spot urine is much more accessible, allowing collection in large epidemiological studies. Third, we did not measure enterofuran, a minor enterolignan, in the current study and, therefore, could not evaluate this specific marker in relation to diabetes risk. Fourth, although we controlled for a wide range of established diabetes risk factors, including dietary factors, the possibility of residual confounding still exists. Finally, because the lignan metabolites may be derived from multiple parent plant lignans that come from various food sources, we are unable to conclusively ascribe the associations to intake of individual plant lignans or foods.
In summary, this prospective investigation conducted in two cohorts of U.S. women demonstrates that Table 2. urinary levels of enterolignans are associated with a lower risk of developing T2D. These novel findings complement the current knowledge on the effects of lignan intake on glucose metabolism and other metabolic risk factors in short-term trials. In light of the accumulating evidence suggesting that gut microbiota composition may play a role in the development of obesity and T2D (39) , the current data suggest that the enterolignan production by gut microbiota may potentially affect risk of T2D. In addition, these results are in line with recommendations on increasing intakes of lignan-rich foods, such as whole grains, fruits, and green leafy vegetables, for the prevention of T2D. The funding sources had no role in the study design; collection, analysis, and interpretation of data; writing of the report; or decision to submit the article for publication. The authors are not affiliated with the funding institutions.
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